The electronic absorption (UV/VIS), circular dichroism (CD) and proton magnetic resonance (*H NMR) spectra have been recorded for C-l0 epimeric chlorophylls a and a', pheophytins a and a' as well as pheophorbides a and a'. Although the epimers in each pair showed virtually identical UV/VIS spectra, their CD spectra were profoundly different and exhibited opposite signs at most wavelengths in the UV region. The differences were interpreted as arising, in part, from different C-10 configurations, and, in part, from conformational alterations induced by the steric strain in the crowded periphery of the macrocycle. The conformational alterations were also clearly indicated by the X H NMR zJö-values observed for the a,ß and <5 methine protons, the C-10 protons and most methyl group protons of the epimers in each pair. This was considered to imply changes in the geometry of the whole macrocycle. The A 6-values were larger for the Mg-free epimers than for the chlorophyll epimers, which shows that the central Mg-atom makes the macrocycle more rigid. Correlations between the signs of the CD bands and configurations are discussed.
Introduction
The stereochemistry of chlorophylls (Chi) and related compounds has been an important aspect of chlorophyll research for about fifty years [1, 2] . Chlorophylls a (la) und b (lb) have been shown to be substituted 7,8-dihydroporphyrins (chlorins) containing asymmetric centers at C-7, C-8, C-10, C-7' and C-l 1' with the absolute configurations 7(S), 8(S), 10(R), 7'(R), ll'(R). The relative and absolute configurations of these asymmetric carbons have been determined through extensive investigations by chemical and physical methods including CD/ORD and ill NMR (see recent reviews by Brockmann [3, 4] , Scheer [5] and Wolf and Scheer [6] . The hydrogens at C-7 and C-8 have been shown to be in trans configuration and the relative configuration of C-7 and C-10 has also been demonstrated to be trans. The above stereochemistry has been conclusively established through Woodward's total synthesis of Chi a [7] and through recent X-ray investigations [8, 9] . The latter have also provided direct information of the conformations of Chi a and its Mg-free derivatives (3, 5) in the solid state.
In recent years, it has become more evident that a detailed knowledge of the relationship between the stereochemistry and chemical reactivity in chlorophylls is essential for an understanding of the organization and function of these compounds in photosynthetic membranes. In attempting to obtain knowledge of the correlation between the stereochemical and the electron donor-acceptor (EDA) properties in the chlorophylls [10] , we have explored the conformation and EDA properties of Chi a' (2) which is stereoisomeric with Chi a at C-10, i.e. Chi a and Chi a' possess the 10(R) and 10(S) configurations, respectively. Previous work [11] had confirmed the epimeric relationship between the two chlorophylls and had led to the conclusion that the unexpected properties of Chi a' are best interpreted in terms of the conformational alterations arising from the single stereochemical change at C-10.
The altered steric position of the C-10 methoxy carbonyl group and its conformational consequences prevent Chi a' from forming water linked chlorophyll oligomers ("crystalline chlorophyll"). This difference as compared to chlorophyll a, was utilized for the first time in 1975 for the separation of chlorophylls a and a' [12] . Also the fact that the epimeric chlorophylls are so easily separable on sucrose [13] is probably based on the stereochemically induced differences in the EDA properties of the two compounds.
In the present work, we compare the CD and *H NMR spectra of chlorophylls a and a' (la, 2) and attempt to draw some detailed conclusions regarding the conformations of these epimeric compounds and their magnesium-free derivatives. The CD spectra previously measured for chlorophylls a and a' [14, 15] are compared with the present results. We also report, for the first time, CD and X H NMR spectra for pheophytin a' (4) and pheophorbide a' (6) .
Results

Electronic absorption spectra
The electronic absorption spectrum of Chi a (la) in THF is presented in the lower part of Fig. 1 . Consistently with previous measurements in diethyl ether [11, 13] the absorption spectrum of Chi a' (2) in THF exhibits only slight differences from the spectrum of Chi a (Table I) . Both spectra show, however, some essential differences when compared with the spectra measured in diethyl ether. Band I (QVo) is redshifted by 4 to 5 nm. The second band at 626 nm, is not completely resolved from the third one at 615 nm. The fourth band at about 593 nm is of low intensity and shows some fine structure probably implying that there is another overlapping band in this region. The fifth band at 540 nm is of very low intensity. The Soret band (B) is redshifted by 7 nm, and the bands in the UV region show more fine structure (bands rj3 and L) as compared to the spectrum in diethyl ether.
The absorption spectrum in Fig. 1 resembles that reported by Katz and Evans [16] for Chi a in dry pyridine. This spectrum has been interpreted as arising from chlorophyll species where the central Mg-atoms is hexacoordinated. According to Shipman et al. [17] , the conversion from penta-to hexacoordination results in a strong red shift of the Q x transition relative to the Q v transition, and, consequently, the Q x o-o band appears located between the QV-o and bands. We therefore assign the band at 626 nm in Fig. 1 to the Q z o-o transition. The bands of very low oscillator strength (III-V in Fig. 1 ) are assigned to higher vibronic components of the Q* and Q v transitions. In the assignment of the bands in the blue region (rji, r/2, rj3, N, L, M) we have followed the notation by Gouter- man [18] and Weiss [19] . According to Weiss, these bands probably represent separate electronic transitions, in spite of their incomplete resolution and rather low intensity. This concept is supported by recent quantum mechanical calculations of Petke et al. [20] suggesting at least ten separate electronic transitions for the Soret band region of Chi a.
The electronic absorption spectra of the Mg-free derivatives (3) (4) (5) (6) in THF are all virtually identical ( Fig. 2 and Table I ). The differences between the spectra measured in THF and those measured in diethyl ether are also small. The bands of low oscillator strength (II-V) are more resolved from one another than the corresponding bands in the chlorophyll spectrum. The assignment of the bands to specific transitions is therefore easier in the case of the Mg-free derivatives. The band corresponding to the Q x o-o transition is now located at 535 nm. In the assignment of the absorption bands in Fig. 2 to specific transitions, we have followed the interpretations by Gouterman [18] and Weiss [19] .
Circular dichroism spectra
Chlorophylls a and a' exhibit profoundly different CD spectra ( Fig. 1) in spite of the similarity of their electronic absorption spectra. The intensities of the CD bands at the Soret band region are quite different for the two chlorophylls. The signs of these bands, however, are both positive. In the region from 420 to 250 nm the CD spectra of the two chlorophylls show opposite signs at almost every position (Fig. 1,  Table I ), which suggests that this region should be particularly suitable for the resolution and analysis of the chlorophyll C-10 epimers. The ellipticities in the region from 600 to 450 nm are very close to zero for both chlorophylls. This is in accordance with the assignment of the absorption band at 626 nm to the Q*o-o transition. The CD spectra obtained by us for Chi a and a' are quite similar to those reported by Prokhorenko et al. [15] . The differences exist mainly in the intensities and fine structures of the CD bands. A closer examination of the CD spectrum of Chi a in Fig. 1 reveals, however, that the intensity of the band corresponding to the B transition is only half of that reported for the same band by Prokhorenko et al. [15] and by Houssier and Sauer [14] . This discrepancy is probably due to different purity grades of the chlorophyll samples used in the measurements. It is difficult to prepare Chi a completely free from Chi a' and vice versa. Another probable reason for the discrepancy derives from the fact that the interconversion between Chi a and a' is more rapid in diethyl ether than in THF [11] (this was the reason why we selected THF for our measurements).
The CD spectra of pheophytin a and a' (Fig. 2 ) show even more pronounced differences than those of Chi a and a'. Form Fig. 2 , it can be observed that CD is positive for both pheophytins at 533 nm (Q*o-o transition), 411 nm (B transition) and 325 nm (N transition). The CD intensities, however, are remarkably higher for pheophytin a' at 533 nm and 411 nm (Table I) . Below 380 nm, the two pheophytins exhibit CD bands with opposite signs at several positions (Table I) .
Comparison of the CD spectrum obtained by us for pheophytin a with that measured by Houssier and Sauer [14] for the same derivative in diethyl ether, shows that the main difference between the two results exists again at the Soret band wavelength. The explanation for this discrepancy is similar to that presented in the case concerning the differences in the CD spectra of Chi a.
The CD spectra of pheophorbides a and a' (Table I) are closely similar to those of pheophytins a and a'. This result is expectable since the asymmetric carbons of the phytyl group (C-7' and C-ll') are too far from the TI electron system of the macrocycle to induce optical activity in the macrocycle electronic transitions [14] . The molar ellipticities of pheophorbide a' are, however, somewhat lower than the corresponding values obtained for pheophytin a' (Table I ). In particular, the 0 (or As) values corresponding to the Q x o-o and B transitions are clearly lower than those for pheophytin a'. This is obviously due to the fact that the purity of the preparation used in the measurement probably did not exceed 60%. A purity of ca. 50% was estimated on the basis of the 1 H NMR spectrum measured in acetoned6. As the inter con version between pheophorbide a and a' in this solvent is more rapid than in THF, we estimate a value of ca. 60% for the purity of the pheophorbide a' used in the CD measurements. Unfortunately, there is no good method available at the moment for splitting off the phytyl group from chlorophyll a'. The enolization and epimerization at C-10 is inevitable in the 30% HCl/diethyl ether solvent system used for this purpose, no matter how low the temperature is kept during the procedure. The other alternatives such as transesterification with chlorophyllase (E.C. 3.1.1.14) or by the methods of organic chemistry would probably not be a much better choice, as polar organic solvents have to be used also in these methods. the values reported previously [11] for these compounds, with the exception for the 8a-CH3 group (A <5 = 0.10 ppm). No chemical shift difference could previously be observed for this last-mentioned group owing to the incomplete resolution in the high field region of the measured spectra. The information concerning the chemical shift of the 8a-CH3 group is highly desirable in attempting to disclose conformational alterations very likely to occur in ring IV due the sp 3 hybridizations at C-7 and C-8.
Proton magnetic resonance spectra
The relatively high A <5-value (0.10 ppm) obtained for the 8a-CH3 group shows that the largest conformational alterations indeed occur where expected. The A (5-values obtained for the epimeric Mg-free derivatives are clearly higher than the values obtained for the epimeric chlorophylls. The highest values are now observed for the 8a-CH3 group. The chemical shifts of the 3a-CH3 group are also different for the Mg-free derivatives while no difference in this respect was observed for the epimeric chlorophylls. Consistently with the differences observed in the CD-spectra, the X H NMR A (5-values indicate that the conformational alterations are more pronounced in the Mg-fiee derivatives. Accordingly, the central Mg-atom seems to make the macrocycle more rigid as a whole.
Discussion
The great differences observed above for the CD spectra of the epimeric chlorophylls or their Mg-free derivatives, arise, in part, from the change of configuration at C-10 and, in part, from conformational alterations which induce chirality in the chlorin macrocycle. The large increase in the intensity of the CD band corresponding to the B transition in y-substituted chlorins has been interpreted as arising from the steric repulsion between the bulky substituents at C-y and C-7 [14, 21] . Our results support this conclusion showing the enhancement effect very clearly in the case of the C-10 epimeric Mg-free derivatives.
The *H NMR chemical shift differences given in Table II provide evidence for the fact that conformational alterations (puckering) take place in the whole macrocycle when the epimerization at C-10 occurs (compare to Ref. [6] ). The changes in the geometry are, however, most prominent in ring IV.
There are two principal factors determining the conformation of the chlorin macrocycle: (1) the TT-orbital overlap and resonance energy should be kept to a maximum. This means actually a trend to planarity; (2) the steric strain arising from the peripheral bulky substituents, should be kept to a minimum. Steric strain is relieved by conformational alterations (twists, distortions, puckering) in the macrocycle and, consequently, deviations from planarity occur. These alterations take place more easily in chlorins than in porphyrins, as in the former group flexibility is considerably enhanced by the sp 3 hybridization of C-7 and C-8.
The results from the X-ray diffraction analysis for methylpheophorbide a [9] show that C-7 is bent up by 0.29 Ä and C-10 is pushed down by 0.14 Ä from the least square plane (see Fig. 4 in Ref. [9] ) resulting in a dihedral angle Cio-Cy-Ci7-C-of 16° [6] . The corresponding values for chlorophylls a and b can be estimated to be much lower on the basis of the X-ray analysis by Strouse et al. [8] . The latter values seem to be approximately of the same order of magnitude as those reported for vanadyl desoxoerythroetioporphyrin (0.11 Ä, 0.05 Ä and 5°, respectively) [22] . Accordingly, the metal atom coordinated at the center of the molecule, makes the macrocycle more rigid. The results from the above X-ray analysis are analogous to our results obtained by CD and X H NMR for Mg-free and Mg-coordinated chlorophyll derivatives.
On the other hand, however, the introduction of a metal atom to the center of the molecule, brings about a possibility for a new type of isomerism: the metal atom can be in the plane (e.g. hexacoordinated chlorophyll molecules) or out of the plane (e.g. pentacoordinated chlorophyll species). This new kind of isomerism has gained attention only recently [5] . It should be explored in more detail, because it certainly effects the conformation of the macrocycle in an essential way.
The observation that the methine proton chemical shifts of the prime derivatives are located at higher field as compared to the corresponding values for the derivatives with the "natural" configuration at C-10, can be interpreted as implying slightly higher electron densities at the methine bridges of the prime derivatives. This fact, if it proves to be correct, could be very important, since it would mean a higher susceptibility to electrophilic substitution [23] or possibly a change in some other chemical property of the macrocycle. These ideas are not new. Woodward [7] first focused attention on the important correlation between stereochemistry and chemical reactivity in asymmetrically substituted porphyrins and chlorins. Woodward's concept of an "overcrowded periphery" was basic in his stragedy for the total synthesis of Chi a and, subsequently, it has been supported by several investigators [5] .
The comparison of our CD spectra with those obtained by Wolf et al. [24, 26] for stereoisomer^ 10-methoxy-methylpheophorbides and 10-methoxypyromethylpheophorbides, reveals some interesting aspects in respect to the correlation of the signs of the CD bands with the configurations at the asymmetric carbons. For these pheophorbides, Wolf and Scheer [6] have presented the following two arguments: (1) The more space-filling substituent determines the sign of the CD bands, i.e. the propionic methyl ester side chain at C-7 and not the C-8 methyl group; (2) the sign of the CD band at 285 nm is clearly determined by the configuration of the 10-methoxy group (negative in the 10(R) and positive in 10(S) series, irrespective of the presence of the carbomethoxy substituent). The examination of the CD spectra in Figs. 1 and 2 clearly shows that the argument (2) is not valid for the C-10 epimeric chlorophylls and Mg-free derivatives used in our measurements. The sign of the CD band at ea. 280 nm is positive for 10(R)-chlorophyll a (la), 10(R)-pheophytin a (3) and 10(R)-pheophorbide a (5), whereas it is negative for the 10(S) configurations of these derivatives (2, 4 and 6). The argument (1) concerning the dominant effect of the space-filling propionic ester side chain at C-7 is valid for the CD band corresponding to the B transition, i.e. this band is positive for all 7(S) derivatives irrespective of the configurations at C-8 and C-10. However, the extension of this argument also to the CD bands in the UV region (210-400 nm) leads to difficulties in the interpretation. According to our results, the signs and intensities of these CD bands are clearly effected also by the nature and configuration of the substituents at C-10 relative to those at C-7, i.e. the space-filling effect of the methoxy carbonyl group at C-10 should also be taken into account. When the propionic ester group at C-7 and the methoxy carbonyl group at C-10 become positioned on the same side of the ring plane, a considerable amount of steric strain results. This leads to conformational chirality which enhances the intensities of most CD bands. The more possibilities there are for the relief of the steric strain through conformational alterations, the more pronounced is this enhancement (compare Figs. 1 and 2) . Nevertheless, the conformational alterations also have a distinct effect on the signs and positions of the CD bands in the UV region. For the above reasons, the additivity of group effects [6] is no longer valid for the CD spectra of the 10(S) derivatives 2, 4 and 6.
Experimental
Electronic absorption spectra
The electronic absorption spectra were recorded on a Cary 15 spectrophotometer at 25 °C. The spectra were measured using the spectropolarimeter cells with fused quartz windows (b = 0.1 cm).
Circular dichroism spectra
The CD spectra were recorded on a Cary 61 spectropolarimeter. Cells with fused quartz windows and a pathlength of 0.1 cm were employed. The instrument was calibrated with an aqueous solution of D-(+)-camphorsulphonic acid (c=l mg/ml) at 290 nm (6 = 0.31 degrees). The full scale of the recorder paper corresponded to an ellipticity of 0.05 degrees. The spectra were recorded at 17 °C using a scan speed of 0.1 nm/s. Baselines were also recorded and substracted from the sample spectra. Due to instrumental limitations (lack of a redsensitive photomultiplier), the spectra could not be recorded beyond 600 nm. 
Proton magnetic resonance spectra
The X H NMR spectra were measured at ambient temperature with a Jeol FX-60 PFT instrument. Five mm sample tubes were employed. The solvent was acetone-de containing tetramethyl silane (TMS) as an internal reference. The sample concentration was in the range 1.5 x 10~2 to 1.7 X 10~2 mol • H.
Purity of solvents and reagents
The tetrahydrofuran (THF) used in the measurement of the electronic absorption spectra and CD spectra, was of spectroscopic grade purity (Merck, Darmstadt). It was used without further purification. Other solvents and reagents were of reagent grade purity and were also used without further purification.
Chlorophyll a (la)
Chi a was isolated from frozen clover leaves by the method described previously [12] . Repeated precipitation of the chlorophyll as its water adduct after the separation on a sucrose column, yielded a preparation free from colourless galacto-and other lipids as well as from chlorophyll a' and b'. TLC on sucrose [27] showed only one spot. UV/VIS and CD: 
Chlorophyll a' (2)
Chi a' was prepared from purified 1 a as described elsewhere [11, 27] . TLC on sucrose revealed the presence of only one component. UV/VIS and CD: Table I . X H NMR: Table II . In other respects the X H NMR spectrum was identical with that of 1 a.
Pheophytin a (3)
Pheophytin a was prepared from purified la by shaking it for 10 min with cold (0 °C) 12% aqueous HCl-diethyl ether in a separatory funnel (equal phase volumes). The ether solution was washed three times with cold distilled water and evaporated to dryness. TLC on cellulose [28] yielded only one spot. UV/VIS and CD: 
Pheophytin a' (4)
Pheophytin a' was prepared from 2 analogously to the preparation of 3 from la. The aqueous HCl-diethyl ether solvent system was cooled below 0 °C prioi to the treatment. The ether solution was rapidly washed three times with cold distilled water and evaporated to dryness. TLC on cellulose revealed only one component. The purity of the pheophytin a' prepared by this means was estimated to be ca. 70% on the basis of the X H NMR spectrum measured in acetone-dß at room temperature. The purity was probably higher than this, as the interconversion between 3 and 4 is quite rapid in acetone-dö at RT. We therefore estimate that the purity of the preparation used in the CD measurement was 80 to 90%. UV/VIS and CD: Table I . m NMR: Table II . In other respects the m NMR spectrum was identical with that of 3.
Pheophorbide a (5)
Pheophorbide a was prepared from purified la by shaking it for 30 min with 30% aqueous HCldiethyl ether in a separatory funnel. The solvent system (equal phase volumes) was cooled below 0 °C prior to the treatment. The small amount of pigments remaining in the ether phase after 30 min was discarded. The pigments in the acid phase were transferred to fresh ether by dilution and neutralization of the lower phase. Pheophorbide a was extracted from the ether solution with 16% (w/w) hydrochloric acid and transferred again to fresh ether by dilution and neutralization of the lower phase. After washing, the ether extract was evaporated to dryness. The product yielded only one spot in TLC on cellulose. UV/VIS and CD: 
Pheophorbide a' (6)
Pheophorbide a' was prepared from 2 analogously to the preparation of 5 from 1 a with the exception that the shaking time was only 10 min. TLC on cellulose yielded one spot. UV/VIS and CD: Table I.  m NMR: Table II . In other respects the *H NMR spectrum was identical with that of 5. On the basis of the X H NMR spectrum measured in acetone-de, the purity achieved was ca. 50%. The principal impurity was 5.
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